Nature selects Mn-clusters as catalysts for water oxidation, which is a significant reaction in photosynthesis.
Introduction
Hydrogen is an energy carrier with high gravimetric energy density. Compared with traditional methods, electrocatalytic water splitting by sustainable electricity represents a green approach to produce hydrogen. 1, 2 In water splitting, the oxygen evolution reaction (OER) is challenging due to the high energy barriers for the breaking of O-H bonds and the attendant formation of O-O bonds.
3 Thus, it is signicant to understand the inherent limiting factors of the OER toward advanced water splitting. Interestingly, natural systems selected Mn-based clusters as water oxidation catalysts to produce oxygen powerfully under neutral conditions. 4, 5 Therefore, studies on Mn-based catalysts are critical to understand the detailed mechanism of water oxidation and to guide the development of functional articial water splitting systems.
A variety of MnO x polymorphs have been developed for chemical, electrochemical and photochemical water oxidations. [6] [7] [8] [9] The framework structure, Mn geometry, Mn valence and surface structure are mutually important for the efficiency of water oxidation. [10] [11] [12] [13] Substantial Mn-based oxide catalysts transform into layered structures with out-of-plane or boundary undercoordinated units as effective catalytic sites, 14, 15 which has been further demonstrated by detailed computational studies and X-ray absorption spectroscopy analyses by Mattioli and coworkers. 16 These active centres are typically associated with lattice defects. Therefore, it will be very promising and challenging to rationally design Mn-based materials with native out-of-plane Mn centres for the OER, which has yet not been reported to the best of our knowledge. In addition, it is generally acknowledged that the Mn III species is the key catalytic intermediate for the OER. 17, 18 Dismukes and co-workers present detailed studies on the coordination geometry of Mn III sites as the origin of the OER activity in several Mn-based materials. Specically, the exible out-of-plane corner-sharing Mn 3+ O 6 sites are substantially more active than buried edge-sharing Mn 3+ O 6 centres. 10 Recently, Nocera and co-workers also reported the introduction of Mn III into an activated d-MnO 2 lm.
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However, the major problem of the OER-active Mn III species is its instability in a symmetric octahedral geometry. In many Mnbased oxides, Mn III has an electronic conguration of t 2g 3 e g 1 , which can induce signicant Jahn-Teller (J-T) distortion. 20, 21 In neutral solutions, Mn III intermediates are inclined to disproportionate into Mn II and Mn IV species, neither of which is a signicant contributor in water oxidation. 22, 23 To address this issue, asymmetry was introduced into the Mn geometry. 24 The asymmetry in the crystal frameworks can tolerate J-T distortion and thereby stabilize the Mn III intermediate. Thus, we are interested in bringing structural asymmetry in Mn-based materials with native out-of-plane Mn centres for the OER.
We herein report the synthesis of an ultrathin manganese(II) phosphate nanosheet assembly (denoted as MnPi hereaer) from the transformation of amine-intercalated nanoplates for efficient electrocatalytic water oxidation in neutral aqueous solutions (Fig. 1) . First, ethylene-diammonium manganese phosphate layered nanoplates (denoted as Mn-LNPs hereaer) with weak interlaminar van der Waals bonds were prepared by a hydrothermal method. Next, a freestanding MnPi nanosheet assembly is obtained from the layered Mn-LNP precursor in water via liquid-phase ultrasound treatment. Instead of forming conventional isolated nanosheets by exfoliation, the ultrathin 2D nanosheets curled together as substructures to form a novel superstructure assembly. 25, 26 The resulting MnPi showed high OER activity in neutral solutions because of the following reasons. First, the 2D ultrathin nanosheet substructure can offer abundant surface sites and excellent anisotropic charge transfer. 27 The 3D freestanding superstructure is benecial to facilitating mass diffusion. 28, 29 Second, the asymmetry in the Mn geometry generated by the phosphate and water ligands can tolerate the J- 
Results and discussion
The morphologies of Mn-LNPs and the sonication-derived MnPi were examined using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) techniques ( Fig. 2 and S1-S6, ESI †). Mn-LNPs display a layered structure with a planar size at the micron level. The layered Mn-LNPs were obtained by a hydrothermal reaction of MnCl 2 , H 3 PO 4 and ethylenediamine (EDA) at a precise pH value of 5. The EDA cations were intercalated into the manganese phosphate layers. 30 The intercalation of the large organic cations between layers is benecial for subsequent liquid-phase ultrasound transformation. 26 In the treatment, water was chosen as the suitable liquid medium to produce the 3D MnPi assembly with freestanding 2D nanosheets as the substructure. Instead of forming isolated nanosheets, the derived nanosheets curled together to form the superstructure, which combines the advantages of 2D and 3D materials in electrocatalysis. 31 The 2D substructure provides abundant surface sites and superior charge transfer ability.
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The 3D superstructure prevents the free accumulation of nanosheets on the electrode surface and thereby brings about efficient mass transport during catalysis. 34 Ultrasound transformation in water shows the advantages of simple operation, low cost and negligible pollution and is favourable for subsequent electrocatalytic experiments in aqueous solutions.
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The TEM images of the samples are displayed in Fig. S6 (ESI †), showing the thick planar layered structure of Mn-LNPs. Aer sonication, a thin nanosheet structure can be observed. Scanning transmission electron microscopy (STEM) and energy dispersive X-ray spectroscopy (EDX) elemental mapping were conducted to testify the elemental distributions of Mn-LNPs and MnPi (Fig. S6, ESI †) . The EDX signal of N in MnPi obviously decreases. Elemental analysis results also indicate the largely reduced carbon and nitrogen contents aer phase transformation (Table S1 , ESI †). Thus, the weak interlayer interaction between adjacent manganese phosphate layers in Mn-LNPs is broken by the removal of EDA. Subsequently, assembly with manganese phosphate nanosheets is formed by sonication. The average thickness of the sonication-derived MnPi nanosheets is $3.4 nm, whereas the average thickness of Mn-LNPs is $24 nm from atomic force microscopy studies (Fig. S7, ESI †) .
The crystal phases of Mn-LNPs and MnPi were analyzed by Xray diffraction (XRD) characterization (Fig. 2D) . The crystalline phase of Mn-LNPs can be indexed to reported crystal structures of (C 2 H 10 N 2 )[Mn 2 (HPO 4 ) 3 ]$H 2 O, which is a layered material with intercalated amine molecules between the phosphate layers. 36 The strong diffraction peak at 8.0 indicates the longrange well-organized stacking of manganese phosphate layers. The thermal gravimetric analysis (Fig. S8 , ESI †) shows similar weight losses to reported results. 36 The molar ratio of Mn : P in Mn-LNPs is 2 : 3.01 based on the EDX analysis. The XRD patterns of MnPi (red line) match well with the patterns of metaswitzerite (Mn 4 Fe 1.75 (PO 4 ) 4 $8H 2 O, monoclinic, P2 1 /c).
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The high-resolution image of the XRD patterns with the standard lines from PDF #20-0713 is provided in Fig. S9 (ESI †). Our nanosized material is composed of ultrathin 2D structures with specied orientations of crystal facets. Thus, the XRD peak intensities of our sample should not match well with the simulated result of perfect crystals. Nevertheless, we can still correlate almost all the peak positions between the observed and simulated XRD results to identify the crystal structure of the synthesized material. In addition, the molar ratio of Mn : P in MnPi is 3 : 2.02 based on the EDX analysis. The temperature dependent magnetic susceptibility of MnPi indicates a high spin Mn(II) state (Fig. S10 , ESI †). 38 These results indicate that the asprepared MnPi is an analogue of the reported metaswitzerite with the same crystal structure. Thus, it is possible to illustrate the structure of the as-prepared Fe-free MnPi analogue based on the crystal structure of metaswitzerite. The simulated XRD pattern of the MnPi metaswitzerite structure (ICSD-100263) is shown in Fig. 2D (black line), demonstrating the structural consistency between the metaswitzerite and the as-prepared MnPi.
The crystal structure of the MnPi is illustrated in Fig. 2E and S11-S14 (ESI †). The following information can be concluded. First, six different Mn sites are determined. Second, 6-coordinated Mn(1), Mn(2), Mn(3), and Mn(4) octahedrons are connected to form a compact layer parallel to the (001) plane. In this layer, each Mn octahedron is surrounded by the other three different Mn octahedrons. On average, every Mn atom in this layer has two bridging water ligands, each of which connecting two Mn atoms via the m 2 -O w bridge. Third, the 5-coordinated Mn(5) trigonal bipyramid and 6-coordinated Mn(6) octahedron, as out-of-plane Mn centres, form another layer parallel to the above-mentioned layer. Of particular note is that Mn(5) has one terminal coordinated water molecule and Mn(6) has two terminal coordinated water molecules. These coordination sites with terminal water molecules are critical in water oxidation. The terminal water on Mn(5,6) can participate in water oxidation to form O 2 . Aer the release of O 2 , the coordination sites will be available for new water molecules. In addition, 5-coordinated Mn is widely reported in MnO x materials as the active centre for water oxidation. 16 In our MnPi, the Mn(5) trigonal bipyramid is highly distorted with one terminal water-coordination. This structure is essentially promising for water oxidation. 17 The structures of the Mn coordination with Mn-O bond lengths are shown in Fig. S14 (ESI †). As can be seen, the Mn(6) has the lowest symmetry in terms of Mn-O bond lengths in the ve 6-coordinated Mn atoms (Mn(1-4) and Mn (6)). Meanwhile, Mn (5) is 5-coordinated and should have the highest tolerance for the Mn III distortion. The HRTEM image of the basal plane is shown in Fig. S15 (ESI †), indicating the lattice spacing of the (400) facet. Thus, the most exposed sites are either the Mn(1-4) layer or the parallel Mn(5,6) layer depending on the termination of the sheet along the c-axis. Considering the average thickness of the nanosheet at $3.4 nm, one sheet contains around 4 Mn(1-4) layers plus 4 Mn(5,6) layers in tandem.
The electrocatalytic water oxidation performance of MnPi was evaluated in a 0.05 M phosphate buffer (pH ¼ 7) by cyclic voltammetry (CV). As shown in Fig. 3A , the catalytic performance of Table S2 (ESI †) . 5, 6, 11, 12, 18 However, we have to note that some of these studies focus on the detailed mechanism studies rather than the optimization of OER activity. A remarkable quasi-reversible redox peak is detected with E pa ¼ 0.9 V vs. the normal hydrogen electrode (NHE, all potentials are versus NHE unless otherwise stated), which is assigned to the Mn II/III couple. 22, 23 The reverse cathodic scan of the CV plot displays two consecutive reduction peaks, which are probably due to the two-step reduction of Mn IV species to Mn II or the reduction of two different Mn III species to Mn II . Differential pulse voltammetry (DPV) is adopted to gain more details of the precatalytic features (Fig. 3B) . Of particular note is that an additional oxidation peak, which is absent in MnO, can be detected at around 1.12 V following the Mn II/III oxidation of 4, 40 In addition, the performance of MnPi is also much better than that of Mn-LNPs (Fig. S16, ESI †) . The electrochemical surface areas (ECSA) of MnPi, Mn-LNPs and MnO are provided in Fig. S17 (ESI †). As expected, the MnPi has the highest ECSA. Taking into consideration the ECSA, the normalized activity is provided in Fig. S18 (ESI †) , showing the highest intrinsic OER activity of MnPi as a result of the Mn geometry. In particular, the MnO does not contain asymmetric Mn centres and the Mn-LNPs does not contain coordinated water molecules.
The current-potential responses of i, i/n and i= ffiffi ffi n p are recorded to analyse the controlling processes of the pre-catalysis and catalysis in MnPi (Fig. S19, ESI †) . 41 The following information can be concluded. First, the quasi-reversible Mn II/III redox couple becomes reversible at high scan rates (Fig. S19A , ESI †), indicating that the resting states can be fully regenerated aer the completion of the catalytic cycle and the resting states are sensitive to its surroundings (electrolyte, oxygen, etc.). Second, the material displays semiconducting behaviour within the complete precatalytic potential range, which is consistent with the nature of transition metal phosphates. Third, the currents before the rst oxidation (i f n region, Fig. S19B , ESI †) are kinetic-controlled by double-layer capacitance ($30.9 mF). Aer that, the currents are generally kinetic-controlled by diffusion (if ffiffi ffi n p region, Fig. S19C , ESI †), indicating that there is still room for increasing the structure voids in the layered MnPi toward higher performance.
To shed more light on the pre-catalysis and catalysis, the current responses to the nature of the buffer solutions are recorded under similar conditions (Fig. 3C-F) . As shown in Fig. 3C (Fig. S20, ESI † ). An inverse reaction order close to 0.5 on proton activity is calculated based on eqn (S1) (ESI †). This value would result from the combination of two primary competing pathways of zeroth-order and inverse rst-
dependence. 42 Thus, the rate-determining step (rds) in the latter pathway may involve the nucleophilic attack on -Mn V ]O (formal oxidation states) by a water molecule (a proton is generated as the product). 3 This hypothesis is further proved by the kinetic isotope effect (KIE) experiment (Fig. 3E) . The OER rate is much slower in a D 2 O solution, indicating that the removal of protons is involved in the rds. 21 In addition, the current of the Mn II/III oxidation also indicates a KIE, which is consistent with the abovementioned PCET feature of the oxidation. The Nyquist plot of MnPi derived from the electrochemical impedance spectroscopy is shown in Fig. S21 (ESI †), indicating a poor conductivity of the inorganic phosphate. The current dependence on phosphate concentration is shown in Fig. 3F . The results indicate that the E pa position (Mn II/III ) and the catalytic current are independent of the buffer concentration. As compared with the results in electrolytes with lower concentrations, the E pa of the sample recorded in 0.05 M phosphate buffer solution is affected by the capacitance or further oxidation events due to the diffusion limitation of the substances. The peak intensities are mainly affected by the background currents arising from different specic capacitances in buffer solutions of different concentrations. In some cases, lower concentrations of electrolyte can cause higher capacitances. 44 The role of phosphate anions in promoting the PCET process is demonstrated by the much higher Tafel slope in a NaClO 4 solution (Fig. S22, ESI †) . 45 The stability of the MnPi catalyst was evaluated by controlled potential electrolysis (Fig. S23, ESI †) , showing a stable OER current within 20 h. In contrast, the MnO sample displayed lower current density with inferior stability. The core X-ray photoelectron spectroscopy (XPS) spectra of the MnPi (green line), Mn-LNPs (purple line) and MnPi aer electrolysis (blue line) are displayed in Fig. S24A-C peak splitting of the Mn 3s spectra at $6.2 eV all demonstrate that the valences of Mn in the materials are two. 46 Of particular note is that the N 1s spectra of these three samples changed obviously. The strong N 1s signal of the Mn-LNPs ($401 eV) is from the intercalated EDA. This peak is signicantly reduced aer the sonication treatment, as shown in the N 1s spectrum of the MnPi. The amine molecules were removed by sonication, and the layered nanoplates were converted into thin nanosheets. Aer electrolysis, two new N 1s peaks emerged at 407.5 and 400.0 eV. These two peaks are assigned to the signal of surface adsorbed nitrates and ammonia, respectively. 47 For metal cations of the rst-transition series, the binding energy of the 2p 3/2 shake-up satellite peak decreases when the electronic conguration changes from d4 to d5. Thus, the 2p 3/2 satellite peak appears at lower binding energy for Mn II (d5). The 2p 3/2 satellite peak of Mn III (d4) will appear at higher binding energy, overlapping with its 2p 1/2 peak. 48 In addition, the energy splitting value of Mn 3s will decrease signicantly from Mn II to Mn III because of unpaired 3d electrons in Mn II . 49 The XPS splitting of the Mn 3s peaks of our catalyst is 6.2 eV, which is a signature value of Mn(II). The tted Mn 2p, O 1s and P 2p spectra are provided in Fig. S25 (ESI †). Besides the unchanged Mn 2p and P 2p peaks, there is a dominant O 1s peak centered at $532.5 eV from the catalyst aer electrolysis. This peak with relatively high binding energy is likely from the oxidation of the surface organic compounds. The XPS results of the above-mentioned samples clearly demonstrate the stability of the coordination environment of the Mn sites in the material when it is subjected to sonication and electrolysis. The CHNS elemental analysis results of the investigated samples are provided in Table S1 (ESI †), showing that C and N are present in Mn-LNP and they largely decrease in MnPi. The Mn : P ratio of the MnPi sample before and aer electrolysis is analyzed by ICP-OES, showing a stable composition (Table S3, and Mn 3+ , indicating the formation of the Mn III intermediate.
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A broad peak at $590 nm becomes signicant when the applied potential is higher than 1.4 V. Fig. 3I ). In contrast, the solution from the MnO catalyst displays negligible relevant absorption, which is consistent with the results from the in situ UV-vis spectra.
The rst-principles density functional theory (DFT) calculations were performed to determine the active Mn centre in the MnPi. The conventional cell has eight chemical formula units including 200 atoms in total (Fig. 4 & S27 , ESI †). The charge difference on the Mn atoms aer the removal of one electron from the cell is referred to as the index of the order of difficulty in the oxidation of Mn sites. The top three Mn sites with the largest reduced valence charges are marked by yellow circles in Fig. 4 . Interestingly, two of them are the 6-coordinated Mn(6) sites with two terminal water molecules, and the remaining one is the 5-coordinated Mn(5) site with one terminal water molecule. These Mn centres are the out-of-plane sites to the compact Mn(1)-Mn(4) octahedron layer. In addition, the coordinated terminal water molecules can further facilitate the oxidation of the corresponding Mn centres by providing a disposable proton. 3 The coupled removal of one proton can signicantly reduce the required energy for the removal of one electron from the metal centre.
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This proton-coupled electron transfer widely exists in biological systems involving oxygen chemistry. As a result, the Mn(5) and Mn(6) centres have several advantages in catalysing water oxidation. First, they have coordinated terminal water molecules to provide vacant sites for OER substances. Second, they can be oxidized at low potentials to form the Mn(III) intermediate state.
Conclusions
In summary, a MnPi nanosheet assembly is prepared from the transformation of amine-intercalated manganese phosphate nanoplates for an efficient electrocatalytic OER in neutral aqueous solutions. Under controlled conditions, the sonicationderived nanosheets are not isolated but are unusually assembled to form a 3D superstructure. Thus, the material has both 2D and 3D features that are benecial to electrocatalysis. From structural analysis, it is found that the material has six different Mn centres with phosphate anions and water molecules as the coordination ligands. Due to the asymmetric geometry of Mn centres, the J-T distortion of Mn III oxidation and the rds of the OER (O-O bond formation) are proton-coupled processes. Thus, the presence of phosphate and aqua ligands is critical in the OER catalysis, assisting proton transfer and providing dissociative protons to lower the required activation energy of electron transfer. From computational studies, it is found that the out-of-plane 5-coordinated Mn(5) and 6-coordinated Mn(6) with terminal water ligands are preferential sites to be oxidized. These centres are believed to have superior activity because they can be oxidized to form active intermediates at lower potentials and can provide vacant coordination sites for the OER aer the depletion of terminal water molecules. We believe that the reported convenient strategy to prepare a unique nanosheet assembly and the detailed study on the structure-performance relationship of MnPi will shed light on both practical and fundamental research of oxygen evolution chemistry.
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